Glucose phosphate isomerase (GPI) involves in the reversible isomerization of glucose-6-phosphate to fructose-6-phosphate in glucose pathways. Because glucose metabolism is crucial for the proliferation and differentiation of embryonic stem and germ cells, reducing GPI expression may affect the characteristic features of these cells. MicroRNAs (miRNAs) have been shown to regulate genes. In the present study, we investigated the regulation of chicken GPI by its predicted miRNAs. We determined the expression patterns of seven GPI 3 0 -untranslated region (3 0 UTR)-targeting miRNAs, including the gga-miR-302 cluster, gga-miR-106, gga-miR-17-5p, and gga-miR-20 cluster in chicken primordial germ cells (PGCs), compared with GPI mRNA. Among the miRNAs, gga-miR-302b, gga-miR-302d, and gga-miR-17-5p were expressed at lower levels than GPI mRNA. The remaining four miRNAs-gga-miR-302c, gga-miR-106, ggamiR-20a, and gga-miR-20b-were expressed at higher levels than the expression of GPI mRNA. Next, we cotransfected four candidate miRNAs-gga-miR-302b, gga-miR-106, gga-miR-17-5p, and gga-miR-20a-with GPI 3 0 UTR into 293FT cells by dual fluorescence reporter assay. Overexpression of gga-miR-302b and gga-miR-17-5p miRNAs in 293FT cells significantly downregulated GPI expression, whereas the other two miRNAs had no effect. Then, knockdown and overexpression of these four candidate miRNAs were performed by RNA interference assay to regulate GPI in PGCs. In the RNA interference assay, the expression of GPI was greatly regulated by gga-miR-302b and gga-miR-17-5p. Finally, we examined the effects of GPI regulation on PGC proliferation and migration. Our results suggested that the regulation of GPI by gga-miR-302b and ggamiR-17-5p affected PGCs proliferation. However, regulation of GPI using these two miRNAs did not affect the migration of PGCs into embryonic gonads.
INTRODUCTION
Glucose is the primary source of energy in plant and animal cells. During photosynthesis, plants produce starch, which is an essential carbohydrate consisting of multiple glucose molecules joined through glycosidic bonds. Animals cannot produce starch-like energy compounds, because animals do not perform photosynthesis. Therefore, animals obtain energy compounds mainly through dietary processes. Dietary glucose first enters circulation and is then transported into cells by glucose transporters and sodium-glucose cotransporters. After entering cells, glucose is phosphorylated into glucose-6-phosphate by hexokinase enzymes [1] . Glucose-6-phosphate can be transformed into glycogen, which is an analog of starch, and then stored in the liver of vertebrate species. At the same time, glucose-6-phosphate is metabolized through glucose-dependent pathways in cells requiring energy [2] . Glucose phosphate isomerase protein/enzyme (GPI; EC 5.3.1.9) is required in most glucose-dependent pathways in cells. The major role of intracellular cytosolic GPI is catalyzing the reversible isomerization of glucose-6-phosphate into fructose-6-phosphate in glucose-dependent pathways [3] . Furthermore, extracellular GPI has been referred to as neuroleukin, maturation factor, autocrine motility factor, and sperm antigen 36 in its monomeric form, and it functions in multiple cell types [4] [5] [6] [7] .
Intracellular GPI expression is ubiquitous in many vertebrate species; however, it showed slightly differential expression among tissues. In mice, Gpi mRNA expression was increased in embryonic brain, spinal cord, and limb buds [5] . In zebrafish, the gpib isoform was detected specifically in heart, muscle, and eye when compared to the ubiquitous expression of the gpia isoform [8] . Deficiency of GPI is associated with severe hemolytic anemia, whereas its overexpression is associated with Huntington disease in the brain and epithelial-to-mesenchymal transition in tumor cells [6, 9, 10] . Enzymatic activity of intracellular GPI is vital for maintenance of housekeeping functions in glucose-dependent pathways [5] . Glucose metabolism is crucial for the proliferation and differentiation of several cell types [11] [12] [13] , and the alteration of GPI expression directly affects the characteristic features and functions of these cells. Deficiency in GPI or other glycolysis genes can result in the termination of glycolytic energy, which is necessary for the motility of ejaculated spermatozoa [14, 15] . In our previous study, the expression of GPI mRNA was higher in the primordial germ cells (PGCs) and germ line cells in chickens. We also reported that small interfering RNA (siRNA)-mediated knockdown of GPI regulates the glycolysis/gluconeogenesis pathway and glucose concentration in chicken PGCs [7] .
In a continuation of our previous study, we investigated the regulation of GPI using its target microRNAs (miRNAs) in chicken PGCs in the present study. A wide range of miRNAs that play a role in the regulation of genes related to glucose metabolism and metabolic disorders in different tissues have been identified [16] . To our knowledge, however, the regulation of glucose metabolism-related gene (GPI) expression by target miRNAs has not been explored. We speculated that alteration of the expression of GPI using miRNAs could affect the characteristic features of PGCs, which are precursors of germ cells. In the present study, we obtained the predicted miRNAs that target chicken GPI 3 0 -untranslated region (3 0 UTR) from the MicroRNA Target Prediction and Functional Study Database (miRDB; mirdb.org/miRDB). Initially, we investigated the expression of GPI 3 0 UTR-targeting miRNAs and GPI mRNA in PGCs by quantitative real-time PCR (realtime qPCR). We then performed dual fluorescence reporter and RNA interference assays to investigate the regulation of GPI expression by four candidate miRNAs. Finally, we investigated the effects of regulation of GPI on the proliferation and migratory potential of PGCs. In the dual fluorescence reporter assay, GPI expression was significantly downregulated in 293FT cells by the overexpression of two miRNAs, gga-miR302b and gga-miR-17-5p. In the RNA interference assay, GPI expression was significantly enhanced in PGCs after knockdown of gga-miR-302b and gga-miR-17-5p. In contrast, GPI expression was significantly reduced in PGCs after overexpression of these two miRNAs. Regulation of GPI using ggamiR-302b and gga-miR-17-5p caused a significant difference on the proliferation of PGCs in vitro. However, regulation of GPI using gga-miR-302b and gga-miR-17-5p did not affect the migration of PGCs into embryonic gonads.
MATERIALS AND METHODS

Experimental Animal Care
We used White Leghorn chickens as an experimental model for the present study. The care and experimental use of chickens were approved by the Institute of Laboratory Animal Resources, Seoul National University (SNU-070823-5). The procedures for bird management, reproduction, and euthanization adhered to the standard operating protocols of the Laboratory of Animal Genetic Engineering, Seoul National University.
Isolation and Culture of Chicken PGCs
Freshly laid eggs were incubated at 37.58C under 50%-60% relative humidity. We retrieved PGCs from the gonads of stage 30 chicken embryos at embryonic day (E) 6.5 (n ¼ 100) using the magnetic-activated cell sorting (MACS) method [17] . To isolate PGCs, gonads from both sexes were dissociated by gentle pipetting in 0.05% (v/v) trypsin supplemented with 0.53 mM ethylenediaminetetra-acetic acid (EDTA). After adding 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.) to inactivate trypsin-EDTA and centrifuging at 200 3 g for 5 min, gonadal cells were incubated with anti-stagespecific embryonic antigen (SSEA-1; mouse immunoglobulin [Ig] M; Santa Cruz Biotechnology) for 20 min at room temperature. Total gonadal cells were washed with 1 ml of MACS buffer (0.5% bovine serum albumin and 2 mM EDTA in PBS), and the supernatant was completely removed by centrifugation at 200 3 g for 5 min. The cell pellet was mixed with 100 ll of MACS buffer supplemented with 20 ll of rat anti-mouse IgM microbeads for 15 min at 48C. Cells were washed with 500 ll of MACS buffer and loaded onto a MACS column (Miltenyi Biotec GmbH). SSEA-1 ascites fluid diluted 1:1000 in PBS was added, and further steps were performed using a Universal labeled streptavidin biotin (LSAB) Kit Peroxidase (Dako). After several batches of cells had been prepared, the PGC-enriched fractions were separated. Part of the PGCs were cultured according to our standard procedure [18] . Briefly, PGCs retrieved by MACS method were cultured in knockout Dulbecco modified Eagle medium (DMEM; Invitrogen) supplemented with 20% (v/v) FBS, 2% (v/ v) chicken serum (Sigma-Aldrich), 13 nucleosides (Millipore Corporation), 2 mM L-glutamine, 13 nonessential amino acids, 13 b-mercaptoethanol, 10 mM sodium pyruvate, and 13 antibiotic-antimycotic (Invitrogen). Approximately 10 ng/ml of human basic fibroblast growth factor (Koma Biotech) was used for PGC self-renewal. Chicken PGCs were cultured in an incubator at 378C with an atmosphere of 5% CO 2 and 60%-70% relative humidity. The purity of our cultured PGCs was determined as more than 80%. All experiments stated hereafter were repeated at least three times.
Identification of Chicken GPI 3 0 UTR and Targeting miRNAs
Chicken GPI 3 0 UTR was retrieved from the miRDB. We also obtained the human, dog, and rat GPI 3 0 UTRs. The conservation of GPI 3 0 UTR from chickens, humans, dogs, and rats was analyzed using the CLUSTAL X program (Conway Institute, University College Dublin, Ireland) and edited using biological sequence alignment editor program (BioEdit; Ibis Biosciences) [19] . We further retrieved seven predicted miRNAs-gga-miR-302b (target score, 60; seed location, 89), gga-miR-302c (target score, 61; seed location, 89), gga-miR-302d (target score, 59; seed location, 89), gga-miR-106 (target score, 60; seed location, 90), gga-miR-17-5p (target score, 60; seed location, 90), gga-miR-20a (target score, 59; seed location, 90), and gga-miR-20b (target score, 60; seed location, 90)-that target chicken GPI 3 0 UTR from miRDB. The miRDB employs the MirTarget2 algorithm to predict miRNA:mRNA pairs [20] .
Comparative Expression Analysis of Chicken GPI 3 0 UTRTargeting miRNAs and GPI mRNA by Real-Time qPCR
We performed real-time qPCR to evaluate the quantitative expression of chicken GPI 3 0 UTR-targeting miRNAs and GPI mRNA in chicken PGCs. First, total RNA from PGCs was extracted using TRIzol reagent (Invitrogen). Complementary DNA for miRNA amplification was synthesized from the total RNA (1 lg) using the miRNA First-Strand cDNA Synthesis Kit (Agilent Technologies, Inc.). To elongate the miRNA, total RNA was first treated with Escherichia coli poly-A polymerase to generate a poly-A tail at the 3 0 -end. Following polyadenylation, cDNA was synthesized using the RT adaptor primer. Forward primers of gga-miR-302b (5 0 -GGT AAG TGC TTC CAT GTT TTA GTA G), gga-miR-302c (5 0 -TAA GTG CTT CCA TGT TTC AGT GG), gga-miR-302d (5 0 -GTA AGT GCT TCC ATG TTT TAG TTG), ggamiR-106 (5 0 -GAA AAG TGC TTA CAG TGC AGG TA), gga-miR-17-5p (5 0 -GCA AAG TGC TTA CAG TGC AGG TAG T), gga-miR-20a (5 0 -GGT AAA GTG CTT ATA GTG CAG GTA G), and gga-miR-20b (5 0 -CAA AGT GCT CAT AGT GCA GGT AG) were designed following the guidelines of Agilent Technologies. Real-time qPCR analysis was performed using the HighSpecificity miRNA qPCR Core Reagent Kit (Agilent Technologies). Every 25 ll of PCR reaction mix contained 4 ll of cDNA, 2.5 ll of 103 core PCR buffer, 2.75 ll of 50 mM MgCl 2 , 1 ll of 20 mM deoxyribonucleotide triphosphate (dNTPs), 1.25 ll of 203 EvaGreen (Biotium, Inc.), 1.0 ll of 3.125 lM miRNA-specific forward primer, 1.0 ll of 3.125 lM universal reverse primer, and 0.5 ll of high-specificity polymerase. PCR was performed with an initial incubation at 948C for 10 min followed by 40 cycles at 948C for 10 sec, 608C for 15 sec, and 728C for 20 sec. The reaction was terminated by a final incubation at the dissociation temperature (958C for 15 sec, 608C for 30 sec, and 958C for 15 sec). The miRNA expression was normalized to that of chicken small nucleolar RNA (snoRNA; forward, 5 0 -GGG ATG TAA AAA AAT ACT TGC TAT C).
For GPI mRNA amplification, approximately 1 lg of Oligo(dT) 20 -primed total RNA was reverse transcribed using the Superscript III First-Strand Synthesis System (Invitrogen), and cDNA was then amplified using chicken GPI-specific primers (forward, 5 0 -CAA TGC AGT AAC GGC CAA AGA G; reverse, 5 0 -CAC CAA CCC AAT CCC AGA ACT C; 155 bp; GenBank accession no. NM_001006128). Chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH; forward, 5 0 -CCT CTC TGG CAA AGT CCA AG; reverse, 5 0 -CAT CTG CCC ATT TGA TGT TG, 200 bp; GenBank accession no. NM_204305) was analyzed simultaneously for normalization. Every 20 ll of PCR reaction mix contained 2 ll of cDNA, 2 ll of PCR buffer, 1.6 ll of 2.5 mM dNTP mixture, 10 pmol of each forward and reverse primer, 1 ll of 203 EvaGreen, and 1 unit of Taq DNA polymerase. PCR was performed with an initial incubation at 948C for 3 min followed by 40 cycles at 948C for 30 sec, 608C for 30 sec, and 728C for 30 sec and then a final incubation at the dissociation temperature (958C for 15 sec, 608C for 30 sec, and 958C for 15 sec). Quantification of miRNA and mRNA was performed using a CFX96 realtime qPCR detection system with a C1000 thermal cycler (Bio-Rad Laboratories).
Dual Fluorescence Reporter Assay in Human 293FT Cells
After analyzing the expression patterns of GPI 3 0 UTR-targeting miRNAs, we performed a dual fluorescence reporter assay to examine the downregulation of GPI 3 0 UTR using four candidate miRNAs in human 293FT cells, which have low levels of endogenous miRNAs. Whole GPI 3 0 UTR was cloned into a pcDNA3 plasmid vector encoding enhanced green fluorescence RENGARAJ ET AL.
protein (eGFP) under control of a cytomegalovirus (CMV) promoter (Clontech). Then, four candidate GPI 3 0 UTR-targeting miRNAs-gga-miR302b (from the miR-302 cluster), gga-miR-106, gga-miR-17-5p, and ggamiR-20a (from the miR-20 cluster)-were cloned into a pDsRed2-N1 plasmid vector encoding red fluorescence protein (RFP) under the control of a CMV promoter. Plasmid vectors containing GPI 3 0 UTR and miRNA were prepared in a 100 ml of Luria broth culture of transformed XL1-Blue E. coli using an EndoFree Plasmid Maxi kit (Qiagen) and cotransfected into human 293FT cells. Approximately 48 h after cotransfection, relative quantification of eGFP expression representing GPI 3 0 UTR was analyzed by flow cytometry using BD FACSCalibur (BD Biosciences).
RNA Interference Assay in Chicken PGCs
After dual fluorescence reporter assay, we performed RNA interference assay to evaluate the regulatory effects of four miRNAs-gga-miR-302b, ggamiR-106, gga-miR-17-5p, and gga-miR-20a-on GPI in chicken PGCs. Single-strand knockdown probes of gga-miR-302b (5 0 -CUA CUA AAA CAU GGA AGC ACU UA), gga-miR-106 (5 0 -UAC CUG CAC UGU AAG CAC UUU U), gga-miR-17-5p (5 0 -ACU ACC UGC ACU GUA AGC ACU UUG), and gga-miR-20a (5 0 -CUA CCU GCA CUA UAA GCA CUU UA) were designed and synthesized by the Bioneer Corporation with a 5 0 -fluorescein isothiocyanate modification. Further, double-strand overexpression probes of gga-miR-302b (sense, 5 0 -ACU UUA ACA UGG AGG UGC UUU CU; antisense, 5 0 -UAA GUG CUU CCA UGU UUU AGU AG), gga-miR-106 (Sense, 5 0 -AAA AGU GCU UAC AGU GCA GGU AGA; antisense, 5 0 -UAC UGC AGU AUA AGC ACU UCU GG), gga-miR-17-5p (Sense, 5 0 -CAA AGU GCU UAC AGU GCA GGU AGU; antisense, 5 0 -ACU GCA GUG AAG GCA CUU GU), and gga-miR-20a (sense, 5 0 -UAA AGU GCU UAU AGU GCA GGU AGU G; antisense, 5 0 -ACU AAU CUA CUG CAU UAU AAG CAC UUA AAG U) were designed and synthesized by the Bioneer Corporation. Small RNA probe (5 0 -GTG UAA CAC GUC UAU ACG CCC A), which has no complementarity in the chicken genome, was used as a control for the knockdown and overexpression experiments. The specific probes for gga-miR302b, gga-miR-106, gga-miR-17-5p, gga-miR-20a, and control were separately transfected into PGCs (500 pmol of probe in Lipofectamine [Invitrogen] plus Opti-MEM [Invitrogen] for 5 3 10 5 cells) using standard transfection procedures as described previously [21] . After transfection, PGCs were maintained in knockout DMEM. Approximately 48 h after transfection, total RNA was extracted from PGCs of each treatment using TRIzol reagent. Then, total RNAs were subjected for the synthesis of miRNA-cDNAs and mRNAcDNAs according to the procedure stated above. Knockdown and overexpression efficiencies were examined by amplifying primers specific for gga-miR302b, gga-miR-106, gga-miR-17-5p, and gga-miR-20a with the miRNA-cDNA of control, knockdown, and overexpression PGCs by real-time qPCR. Regulatory effects were then examined by amplifying primers specific for GPI with the mRNA-cDNA of control, knockdown, and overexpression PGCs by real-time qPCR.
Analysis of Effects of GPI Regulation on PGC Proliferation and Migration
The rate of in vitro cell proliferation was examined in PGCs after transfection with control, gga-miR-302b knockdown, gga-miR-302b overexpression, gga-miR-106 knockdown, gga-miR-106 overexpression, gga-miR-17-5p knockdown, gga-miR-17-5p overexpression, gga-miR-20a knockdown, and gga-miR-20a overexpression probes. The growing numbers of cells in each treatment were counted at 0, 24, 48, and 72 h using a Neubauer cell counting chamber (Paul Marienfeld GmbH) according to the manufacturer's instructions. Finally, PGC migration analysis was performed to examine the effects of GPI regulation by two miRNAs-gga-miR-302b and gga-miR-17-5p. The PGCs approximately 48 h after transfection with control, gga-miR-302b knockdown, gga-miR-302b overexpression, gga-miR-17-5p knockdown, and gga-miR-17-5p overexpression probes were labeled with PKH26 fluorescent dye (SigmaAldrich). After labeling, PGCs from each treatment were injected into the dorsal aorta of 56-h-old embryos (5000 PGCs/embryo, n ¼ 10 embryos/miRNA treatment) using microinjection needles. After sealing with Parafilm (Bemis Company, Inc.), all eggs were further incubated until E6.0. Embryonic gonads from the recipients were retrieved, and then the PKH26-labeled PGCs in the gonads were observed under a fluorescence microscope.
Statistical Analysis
Statistical analysis for the dual fluorescence reporter assay and RNA interference assay were performed using Student t-test with SAS software, version 9.3 (SAS Institute). The significance of differences between control and treatments was analyzed using the general linear model (PROC-GLM) in the SAS software. Statistical significance was considered to be P , 0.05.
RESULTS
Conservation of Chicken GPI 3
0 UTR-and GPI 3 0 UTRTargeting miRNAs
The chicken, human, dog, and rat GPI 3 0 UTRs were identified from miRDB and aligned using CLUSTAL X.
0 UTR was highly conserved in humans, dogs, and rats based on the CLUSTAL alignment (Fig. 1) . We identified seven miRNAs targeting chicken GPI 3 0 UTR based on miRDB. Among the seven miRNAs, ggamiR-302b, gga-miR-302c, and gga-miR-302d targeted AG CACTT (from position 89 to position 95, referred to as the ''seed region'') in GPI 3 0 UTR. The remaining four miRNAsgga-miR-106, gga-miR-17-5p, gga-miR-20a, and gga-miR20b-targeted GCACTTT (from position 90 to position 96) in GPI 3 0 UTR. However, only one sequence differed between these two GPI 3 0 UTR miRNA target sites. Furthermore, miRNA target sites in chickens were partially conserved with those in humans, dogs, and rats. All chicken miRNAs, including miR-302b, miR-302c, miR-302d, miR-106, miR-17-5p, miR-20a, and miR-20b, were identified in humans using miRDB. In addition, miR-302b, miR-302c, miR-302d, miR20a, and miR-20b were identified in dogs, and miR-17-5p and miR-20a were identified in rats. However, these miRNA:GPI mRNA pairings were not identified in humans, dogs, and rats using the MirTarget2 algorithm of miRDB.
Expression of Chicken GPI 3
0 UTR-Targeting miRNAs and GPI mRNA
The quantitative expression of GPI mRNA (data not shown) and of all GPI 3 0 UTR-targeting miRNAs (Fig. 2 ) was investigated by real-time qPCR to compare their expression levels in chicken PGCs. We used chicken snoRNA and chicken GAPDH for the normalization of GPI 3 0 UTR-targeting miRNAs and GPI mRNA, respectively. The quantitative expression of all GPI 3 0 UTR-targeting miRNAs differed in PGCs. The normalized expression of gga-miR-302b, gga-miR302d, and gga-miR-17-5p was lower when compared to the expression of GPI in PGCs. In contrast, the expression of ggamiR-302c, gga-miR-106, gga-miR-20a, and gga-miR-20b was higher when compared to the expression of GPI in PGCs. Among all GPI 3 0 UTR-targeting miRNAs, gga-miR-17-5p was detected at very low levels, and gga-miR-20b was detected very high levels, in chicken PGCs.
Downregulation of GPI 3
0 UTR in Human 293FT Cells by Dual Fluorescence Reporter Assay
We performed dual fluorescence reporter assays to downregulate GPI 3 0 UTR using candidate miRNAs. Figure 3A shows the seven miRNA sequences and their target sites in the chicken GPI 3 0 UTR. We selected four miRNAs-gga-miR-REGULATION OF GLUCOSE PHOSPHATE ISOMERASE BY miRNA 302b, gga-miR-106, gga-miR-17-5p, and gga-miR-20a-for use in dual fluorescence reporter assays to validate the downregulation of GPI at the posttranscriptional level. Expression vectors were constructed and combined with RFP or eGFP to clone miRNAs or the GPI 3 0 UTR, respectively (Fig. 3B) . The miRNAs gga-miR-302b, gga-miR-106, ggamiR-17-5p, and gga-miR-20a were cloned into RFP vector. The GPI 3 0 UTR was cloned into eGFP vector. The miRNAs and GPI 3 0 UTR expression vectors were cotransfected into human 293FT cells. As determined with flow cytometry, the quantitative expression of GPI 3 0 UTR encoding eGFP was downregulated by gga-miR-302b and gga-miR-17-5p approximately 48 h after cotransfection. Figure 3C shows the effect of the four miRNAs on expression of GPI 3 0 UTR encoding eGFP as determined by flow cytometry. The normalized foldexpression of GPI 3 0 UTR encoding eGFP was downregulated by gga-miR-302b (37%, P , 0.001) and gga-miR-17-5p (33%, P , 0.001) when compared with the positive control.
However, gga-miR-106 caused only a 0.05% downregulation of eGFP expression, whereas gga-miR-20a had no effect (Fig.  3D ).
Knockdown and Overexpression of GPI 3 0 UTR-Targeting miRNAs in Chicken PGCs by RNA Interference Assay
After the dual fluorescence assay, we evaluated the regulatory effects of the same four miRNAs by RNA interference assay in PGCs in vitro. We obtained PGCs from both sexes of E6.5 gonads and briefly cultured them in knockout DMEM. We then synthesized the control, knockdown, and overexpression probes of respective miRNAs. Finally, probes were transfected into PGCs using the Lipofectamine transfection method. Approximately 48 h after transfection, the expression of gga-miR-302b, gga-miR-106, gga-miR-17-5p, and gga-miR-20a in control, knockdown, and overexpression PGCs was evaluated by real-time qPCR. When compared to the control, gga-miR-302b expression was greatly
FIG. 1. Multiple sequence alignment of the GPI 3
0 UTR region. The chicken, human, dog, and rat GPI 3 0 UTR regions identified from the miRDB were aligned using CLUSTAL X and edited using BioEdit. The seed location of miRNAs that target chicken GPI 3 0 UTR are indicated by arrows. Black-shaded sequences indicate identities/similarities, and dashes represent gaps in the sequence during alignment.
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FIG. 2. Determination of chicken GPI 3
0 UTR-targeting miRNAs expression by real-time qPCR. The cDNA for GPI 3 0 UTR miRNA expression was synthesized from PGCs according to standard procedures. Primers specific to GPI 3 0 UTR miRNAs (gga-miR-302b, gga-miR-302c, gga-miR-302d, ggamiR-106, gga-miR-17-5p, gga-miR-20a, and gga-miR-20b) were used to amplify the cDNA. The threshold cycle of GPI 3 0 UTR miRNA expression was normalized to that of chicken snoRNA. Bars indicate the SEM of triplicate analyses.
FIG. 3. Downregulation of GPI 3
0 UTR in human 293FT cells. We identified seven miRNAs that target the GPI 3 0 UTR from the miRDB (A). Of these, four candidate miRNAs were selected for use in dual fluorescence reporter assays; these were cloned into a pDsRed2-N1 plasmid vector encoding RFP. GPI The expression of gga-miR-17-5p was approximately 13-fold lower in knockdown PGCs compared to the control. However, the expression of gga-miR-106 and gga-miR-20a was decreased to a limited level. To further validate the regulatory efficiency of miRNAs, we examined the expression of GPI in control and miRNA knockdown PGCs. As expected, GPI expression was approximately 5-fold higher in gga-miR-302b knockdown PGCs compared to the control. Similarly, GPI expression was approximately 6-fold higher in gga-miR-17-5p knockdown PGCs. The elevated levels of GPI expression after knockdown of gga-miR-106 and gga-miR-20a were not significant (Fig. 4) . In overexpression experiments, gga-miR302b expression was greatly increased (;195-fold) when compared to the control. The expression of gga-miR-17-5p was approximately 40-fold higher in overexpression PGCs. The expression of gga-miR-106 was approximately 23-fold higher in overexpression PGCs. The expression of gga-miR-20a was approximately 20-fold higher in overexpression PGCs. After overexpression of gga-miR-302b and gga-miR-17-5p, the expression of GPI mRNA was decreased approximately 15-fold and 12-fold, respectively. In contrast, overexpression of gga-miR-106 and gga-miR-20a caused a slight decrease in GPI expression (Fig. 5) .
Effects of GPI Regulation on PGCs Proliferation and Migration
To evaluate the effects of GPI regulation on PGC biology, we first examined the rate of PGC proliferation in vitro. After transfection of PGCs with respective control, knockdown, and overexpression probes, the growing numbers of cells in each treatment were counted at 0, 24, 48, and 72 h using a Neubauer cell counting chamber. PGC proliferation was continuously increased until 72 h after transfection with gga-miR-302b and gga-miR-17-5p knockdown probes. However, PGC proliferation was slightly higher after transfection with gga-miR-302b knockdown probes when compared to the control. In contrast, gga-miR-302b and gga-miR-17-5p overexpression probes caused a significant decrease in PGC proliferation until 72 h. The PGCs transfected with knockdown or overexpression probes of gga-miR-106 and gga-miR-20a showed no significant difference when compared to the control (Fig. 6) . Finally, we examined the effects of GPI regulation on PGC migration.
FIG. 4. Knockdown (KD) of GPI 3
0 UTR-targeting miRNAs and their effects on GPI expression in chicken PGCs. Control and KD probes of gga-miR-302b, gga-miR106, gga-miR-17-5p, and gga-miR-20a were separately transfected into PGCs by the Lipofectamine transfection method. Approximately 48 h after transfection, the KD efficiencies were determined based on the expression of gga-miR-302b, gga-miR-106, gga-miR-17-5p, and gga-miR-20a in control and knockdown PGCs by real-time qPCR. The regulatory efficiencies of miRNAs were investigated based on the expression of GPI in control and knockdown PGCs by real-time qPCR. The expression of miRNAs and GPI were normalized with that of chicken snoRNA and GAPDH, respectively. Bars indicate the SEM of triplicate analyses. ***P , 0.001 vs. control.
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The PGCs were transfected with control, knockdown, and overexpression probes of gga-miR-302b and gga-miR-17-5p. Approximately 48 h after transfection, PGCs were labeled with PKH26 fluorescent dye. After labeling, PGCs were injected into the dorsal aorta of 56-h-old embryos, and the eggs were further incubated. Embryonic gonads from the recipients were retrieved at E6.0, and then the PKH26-labeled PGCs were observed. Figure 7 shows the fluorescence microscopic images of recipient male gonads from each treatment. PKH26-labeled PGCs that migrated into embryonic gonads were clearly seen in the control treatment. Similarly, consistent migration of PKH26-labeled PGCs was also seen in knockdown and overexpression treatments of gga-miR-302b and gga-miR-17-5p.
DISCUSSION
The expression and potential function of GPI have been identified in many species, including invertebrates, vertebrates, microbes, and plants. In a recent study, we examined the expression patterns of GPI during germ cell development and the effects of GPI downregulation on the glycolysis pathway in chicken PGCs [7] . However, the regulation of GPI by its target miRNAs remained uncharacterized. In the present study, we investigated the regulation of GPI expression using dual fluorescence reporter and RNA interference assays. In addition, we investigated the effects of GPI regulation on PGC proliferation and migratory potential. Initially, we searched for the GPI 3 0 UTR using the miRDB and identified it in chickens, humans, dogs, and rats. Sequence alignment suggested that the GPI 3 0 UTRs from these four species were highly conserved. The miRNAs are endogenous small RNAs ranging from 19 to 25 nucleotides in length and are derived from transcripts that fold back on themselves to form distinctive hairpin structures [22, 23] . The miRNAs are involved in the posttranscriptional regulation of gene expression by binding to sequences complementary to mRNAs during development, cell proliferation, apoptosis, stress resistance, and cancer [22, 23] . Several recent studies have implicated miRNA-mediated silencing as an important regulator during embryonic development and embryonic stem cell proliferation and differentiation [24] . The miRNAs bind to the 5 0 UTR or coding region of their target mRNAs but preferentially bind to the 3 0 UTR to regulate gene expression [25, 26] . The number of confidently identified miRNAs is 1%-2% of the number of
FIG. 5. Overexpression (OE) of GPI 3
0 UTR-targeting miRNAs and their effects on GPI expression in chicken PGCs. Control and OE probes of gga-miR302b, gga-miR106, gga-miR-17-5p, and gga-miR-20a were separately transfected into PGCs by the Lipofectamine transfection method. Approximately 48 h after transfection, the OE efficiencies were determined based on the expression of gga-miR-302b, gga-miR-106, gga-miR-17-5p, and gga-miR-20a in control and overexpression PGCs by real-time qPCR. The regulatory efficiencies of miRNAs were investigated based on the expression of GPI in control and overexpression PGCs by real-time qPCR. The expression of miRNAs and GPI were normalized with that of chicken snoRNA and GAPDH, respectively. Bars indicate the SEM of triplicate analyses. ***P , 0.001 vs. control.
REGULATION OF GLUCOSE PHOSPHATE ISOMERASE BY miRNA
protein-coding genes in various species [27] . According to miRDB, seven miRNAs-gga-miR-302b, gga-miR-302c, ggamiR-302d, gga-miR-106, gga-miR-17-5p, gga-miR-20a, and gga-miR-20b-were predicted to target chicken GPI 3 0 UTR. Of these, the target site for the miR-302 cluster was at positions 89-95 (AGCACTT). The target site for miR-106, miR-17-5p, and the miR-20 cluster was at positions 90-96 (GCACTTT). This suggested that the seed region (positions 89-96, AGCACTTT) in GPI 3 0 UTR was crucial for the binding of these miRNAs. In addition, we were interested to know all predicted target genes and seed region of these seven miRNAs. Based on the miRDB of the chicken genome, gga-miR-302b targets 251 genes, gga-miR-302c targets 235 genes, gga-miR302d targets 251 genes, gga-miR-106 targets 431 genes, ggamiR-17-5p targets 424 genes, gga-miR-20a targets 430 genes, and gga-miR-20b targets 427 genes (target scores between 100 and 50). The seed region of all target genes for the gga-miR-302 cluster (AGCACTT) and for gga-miR-106, gga-miR-17-5p, and the gga-miR-20 cluster (GCACTTT) were same as the position in GPI 3 0 UTR. The miRDB did not identify GPI as the target gene of these miRNAs in other species, suggesting that the targets of miRNAs differ among species [28] . Another reason is that the seed region (positions 89-96) in chicken GPI 3 0 UTR was not conserved with the GPI 3 0 UTR of human, dog, and rat.
We evaluated the expression patterns of chicken GPI 3 0 UTR-targeting miRNAs compared with that of GPI mRNA in PGCs. When compared to the expression of GPI mRNA, miR-302b, miR-302d, and miR-17-5p were decreased in PGCs. In contrast, the expression of miR-302c, miR-106, and the miR-20 cluster was high in PGCs. The functions of miRNAs vary among species and involve cell proliferation, cell death, and fat metabolism in flies; neuronal patterning in nematodes; and embryonic development, cell proliferation, and cancer in mammals [22] . Therefore, it is necessary to understand the expression and function of chicken GPI-targeting miRNAs in other species. The miRNAs miR-302b, miR-302c, and miR302d are classified in the conserved family miR-302 [29] . The miR-302 cluster is the most abundant miRNA in human embryonic stem cells, induced pluripotent stem cells, and embryonic carcinoma cells. Forced expression of miR-302 members induces somatic cell reprogramming through activation of several pluripotent genes [30] . In addition, miR-302 inhibits neural differentiation and enhanced trophectodermal fate by promoting bone morphogenetic protein signaling [31] . The miR-302 family members act as the guardians of germ cells by suppressing germ cell-associated tumor protein p63 (TP63) [32] . The miRNAs miR-106, miR-17-5p, miR-20a, and miR-20b are classified in the conserved miR-17-92 family [28] . The miRNAs in this family are commonly upregulated in cancer cells, resulting in suppression of cancer-inducing target genes [33] . In addition to their role in cancer, miR-17-92 members play important roles in the normal development and differentiation of various cells in animals. In mouse, miR-17-5p was detected in the heart, brain, kidney, and lung, whereas miR-20a was detected in the heart, brain, liver, and lung [34] [35] [36] . The miRNAs miR-106, miR-17-5p, and miR-20a were differentially expressed during mouse embryonic development and controlled the differentiation of embryonic stem cells [24] .
In the dual fluorescence reporter assay, we performed cotransfection of GPI 3 0 UTR miRNAs with GPI 3 0 UTR to human 293FT cells. Human 293FT cells exhibit very low levels of endogenous miRNAs [28] ; therefore, dual fluorescence reporter assay in 293FT cells helps in the selection of miRNAs for further target validation assays in any miRNArich cells. Cotransfection of gga-miR-106 and gga-miR-20a did not cause a significant reduction in GPI 3 0 UTR expression. In contrast, cotransfection of gga-miR-302b and gga-miR-17-5p significantly suppressed the expression of GPI 3 0 UTR. Therefore, gga-miR-302b and gga-miR-17-5p likely regulate GPI expression in 293FT cells. Antisense oligonucleotides and siRNA probes are ideal tools for target validation assays [37] . When we used miRNA-specific knockdown/overexpression probes to inhibit/enhance gga-miR-302b, gga-miR-106, ggamiR-17-5p and gga-miR-20a, the expression of GPI in chicken PGCs was highly regulated by only two miRNAs-gga-miR302b and gga-miR-17-5p. These results clearly demonstrated that gga-miR-302b and gga-miR-17-5p had a strong role on FIG. 6 . Effects of GPI regulation on PGCs proliferation. In vitro cell proliferation was examined in PGCs after transfection with control, knockdown (KD), and overexpression (OE) probes of gga-miR-302b, gga-miR-106, gga-miR-17-5p, and gga-miR-20a. Cell numbers in each treatment were counted at 0, 24, 48, and 72 h using a Neubauer cell counting chamber following the instructions of the manufacturer. ***P , 0.001 vs. control.
FIG. 7. Effects of GPI regulation on PGCs migration.
Approximately 48 h after transfection with control, knockdown (KD), and overexpression (OE) probes of gga-miR-302b and gga-miR-17-5p, PGCs were labeled with PKH26 fluorescent dye. After labeling, PGCs from each treatment were injected into the dorsal aorta of 56-h-old embryos using microinjection needles. After sealed with Parafilm, all eggs were further incubated until E6.0. Finally, embryonic male gonads from the recipients were retrieved and observed under a fluorescence microscope to detect the migrated PKH26-positive PGCs. Bar ¼ 500 lm.
REGULATION OF GLUCOSE PHOSPHATE ISOMERASE BY miRNA regulation of their target gene GPI. In RNA interference assay, gga-miR-106 and gga-miR-20a were slightly downregulated or overexpressed by their respective knockdown or overexpression probes. However, they were not markedly regulating GPI expression. These results demonstrated that gga-miR-106 and gga-miR-20a might be not important regulators of GPI expression. The limitation of miRNA target prediction using a bioinformatics algorithm cannot be ruled out; however, the hypothesis that overexpression of miRNAs downregulates their target genes, and that inhibition of the same miRNAs upregulates their target genes, correlates with our results of gga-miR-302b/gga-miR-17-5p regulation and corresponding GPI expression. Results of several recent studies also support this hypothesis. Overexpression of miR-302 downregulated TP63, one of its target genes, and inhibition of miR-302 upregulated TP63 in germ cell tumors [32] . Overexpression of miR-17-5p downregulated E2F transcription factor 1 (E2F1), and inhibition of miR-17-5p upregulated E2F1 in K562 cells [38] .
Glucose energy and metabolism are crucial for embryonic stem cells, induced pluripotent stem cells, and germ cells [11] [12] [13] , and a variety of miRNAs play a role in the regulation of glucose metabolism in the pancreas, liver, brain, muscle, and adipose tissue [8, 16] . However, the role of miRNAs, particularly the miR-302 cluster, miR-106, miR-17-5p, and miR-20 cluster, in germ-cell glucose metabolism remains unknown. Of the above-mentioned miRNAs, miR-302b and miR-17-5p exerted a marked regulatory effect on GPI, which plays important role in glucose metabolism. Alteration of GPI can be associated with abnormal functioning of germ cells [14] . Thus, we examined the proliferation and migratory potential of PGCs after regulation of GPI using its target miRNAs. In our results, PGC proliferation was constantly increased after knockdown of gga-miR-302b and gga-miR17-5p, and PGC proliferation was decreased after overexpression of these two miRNAs. However, knockdown or overexpression of ggamiR-106 and gga-miR-20a had no effect on PGC proliferation. In chickens, epiblast-originated PGCs migrate through the germinal crescent and circulatory system to reach the embryonic gonads [39] . In the present study, PGCs were transfected with control, knockdown, and overexpression probes of gga-miR-302b and gga-miR-106. Approximately 48 h after transfection, PGCs were labeled with PKH26 and injected into the circulation of chicken embryos. When we observed the embryonic gonads, PKH26-positive cells had effectively migrated in control, gga-miR-302b (knockdown/ overexpression), and gga-miR-17-5p (knockdown/overexpression) treatments, which suggests that PGC migration was not disturbed.
In conclusion, the expression of seven miRNAs that target chicken GPI 3 0 UTR was examined in chicken PGCs compared with the expression of GPI. We used dual fluorescence reporter and RNA interference assays to examine the regulation of GPI by four candidate miRNAs. We found that the expression of GPI was more significantly regulated by gga-miR-302b and gga-miR-17-5p. We further examined the effects of GPI regulation on PGC proliferation and migration. Our results suggest that the regulation of GPI affects PGC proliferation but not PGC migration. In the present study, all seven miRNAs appear to target the seed region (positions 89-96) in chicken GPI 3 0 UTR; however, their regulatory functions were experimentally different. Therefore, a detailed analysis (e.g., target deletion of seed region and miRNA expression) is needed to further understand the role of these miRNAs.
